abstract: When nonrandom mating alters offspring numbers or the distribution of offspring phenotypes, it has the potential to impact the population growth rate. Similarly, sex-specific demographic parameters that influence the availability of mating partners can leave a signature on the population growth rate. We develop a general framework to explore how mating patterns and sex differences influence the population growth rate. We do this by constructing a two-sex integral projection model to explore ways in which altering the mating behavior from random to nonrandom mating (assortative, disassortative, or selection for size) and altering demographic parameters in one or both sexes (growth, survival, and parental contribution to offspring phenotype) affect the population growth rate. We demonstrate our framework using data from a population of Columbian ground squirrels. Our results suggest that the population growth rate is substantially affected when nonrandom mating is linked to sex differences in demographic parameters or parental contributions to offspring phenotype, but interestingly, the effect of the mating pattern alone is rather small. Our results also suggest that the population growth rate of Columbian ground squirrels would increase with the degree of disassortative mating and with the degree of the mating advantage of large individuals.
Introduction
Many studies have reported nonrandom mating in sexually reproductive species. Biologists have long been interested in understanding how different mate choices evolve (O'Donald 1960; Parker 1983; Dieckmann and Doebeli 1999; Proulx 2001; Van Doorn et al. 2009; Schindler 2010) and influence population dynamics (Doebeli and Koella 1994; Lindström and Kokko 1998) . In this article, we investigate the link between nonrandom mating and the population growth rate. We develop a general framework to demonstrate how assortative mating, disassortative mating, and selection for size could influence the population growth rate. We show that nonrandom mating impacts the population growth rate when parental phenotypes determine the distribution of their offsprings' phenotypes. Our results suggest that nonrandom mating, together with sex-specific growth and fertility rates and maternal effects, can leave a substantial signature on population dynamics. We provide a way of exploring the magnitude of these effects.
The causes of nonrandom mating can be diverse. They include individual preferences (e.g., preference for colorbanded mates in zebra finches; Burley et al. 1982; Burley 1986) ; heterogeneous distributions of a population in space and/or time (e.g., prezygotic isolation in plants via different flowering times); and mechanistic constraints, such as the compatibility of genitalia (e.g. mating of equalsized leaf beetles is more successful than mating of leaf beetles that are different sizes; Brown 1993) . Despite the many causes of nonrandom mating, the mating system and mating tactics play a significant role in affecting the relative ability of females and males to mate in relation to their phenotype. The causes and magnitude of nonrandom mating can consequently differ between the sexes, with one sex potentially mating predominantly with a partner of a large size, whereas mating in the other sex is nonselective with respect to size. In cases like this, the magnitude of between-sex differences in nonrandom mating is expected to increase with the intensity of sexual selection, as are differences in the demographic parameters between the sexes. Our approach allows us to investigate how such differences impact the population growth rate, and we consider how a range of nonrandom mating tactics influences the population growth rate when operating in either one or both sexes.
Assortative mating occurs when phenotypically similar individuals are more likely to mate with each other than with individuals of dissimilar phenotypes. Examples include the strawberry poison frog, in which mating occurs mostly between individuals of the same color morph (Summers et al. 1999) . Similarly, Darwin's finches mate assortatively with respect to beak size (Huber et al. 2007) , and leaf beetles mate assortatively with respect to body size (Brown 1993) . In several species (e.g., among humans, but especially among monogamous species, such as fla-mingos and albatrosses), the character with the highest assortment coefficient is age (Price and Vandenberg 1980) . The converse of assortative mating is disassortative mating, in which a negative correlation between the traits of a mating pair is observed. Examples include a preference for partners that have dissimilar genotypes at the major histocompatibility complex, a gene region influencing the immune system (Wedekind et al. 1995) . Disassortative mating based on dissimilar plumage has also been reported in the white-throated sparrow (Houtman and Falls 1994) .
A third prominent example of nonrandom mating is when the individual mating probability increases with the value of a trait, such as size. This is observed in haremkeeping males, such as gorilla (Kappeler and Schaik 2004) and red deer (Clutton-Brock et al. 1979; Pemberton et al. 1992) , and in males with lek-based mating behavior (Hög-lund and Lundberg 1987) .
Nonrandom mating can both increase and decrease the fitness of an individual and is consequently likely to influence the population as a whole. There are various mechanisms via which the population can be impacted. Nonrandom mating might increase female fertility and the number of offspring produced; females choosing males that provide direct benefits, including resource provisioning or parental care, can increase their reproductive success (Bateson 1983; Andersson 1994) . Alternatively, when dimorphism is very pronounced within a mating pair, several costs can occur, including injuries when mating. Another mechanism that can link nonrandom mating and population dynamics is the distribution of offspring characters, which in turn influence offspring survival and, consequently, population growth. This "good genes" theory, which proposes that mates influence the quality of their offspring, has been studied both theoretically (Kirkpatrick 1996; Mays and Hill 2004) and empirically (Andersson 1994; Møller and Alatalo 1999; Byers and Waits 2006; Garcia-Gonzalez and Simmons 2011) . To our knowledge, there is no analysis that has studied population dynamic effects via inheritance and growth.
There is substantial empirical evidence that variation in mating systems and mating tactics occurs among species, among populations within species, and among individuals within populations (Lott 1991) . In this article, we focus on how population growth is influenced by differences in mating behavior among populations within a species. However, our framework could be extended to explore differences between individuals and between species. Our approach is to develop a deterministic two-sex integral projection model (IPM) that includes a function describing the mating pattern. We specify the mating function such that we can alter it to model assortative mating, disassortative mating, and selection for size. From the model, we calculate the asymptotic growth rate l p , the limit of the ratio of population sizes lim N /N at consecutive time steps. This is the appropriate measure of mean fitness for a deterministic environment (Fisher 1930) . We investigate how l changes when we alter the mating behavior as well as other functions in the model.
There is plenty of support for alternative mating tactics within the same species (Lott 1991) , variation in mating behavior within a population (Byers et al. 1994; Byers and Waits 2006) , and variation in social systems within a species (Lott 1984 ), but we are not aware of any system that displays a range of mating patterns from assortative through random to disassortative. However, because mating behavior is not species specific, we can still test the effects of varying mating patterns by exploring a range of mating patterns in the same species, even though they may not all be observed in a single population. We demonstrate how our approach can be used by parameterizing a model with data from a Columbian ground squirrel population (Urocitellus columbianus). Squirrels are quite plastic in their mating behavior, which has potential for mate choice in both sexes. The Columbian ground squirrels exhibit a complex polygynandrous mating system and mating tactics that are based on territoriality (Balmer 2010) . Individuals of both sexes can mate with multiple partners, and a high proportion of litters have multiple paternities (Raveh et al. 2010) . Also, males and females of the Columbian ground squirrel exhibit similar demographic characteristics. We start by assuming identical demographic characteristics, but we relax this assumption later on.
The Model
IPMs are discrete time models of the dynamics of continuous traits, like body size or weight (Easterling et al. 2000) . The number of individuals with a certain trait can be projected in time:
͵
Here, the number (or relative frequency) of trait y at time is denoted by . It is iterated from trait t ϩ 1 n(y, t ϩ 1) numbers (or relative frequencies) at time t if we know the probability that an individual of trait x survives and develops to trait y within a single time step (denoted by ) and if we know the contribution of an individual p(x, y) with trait x to offspring with trait y (denoted by ).
q(x, y)
We introduce a two-sex model and split into its n(x, t) contributions from the female sex, , and from the n (x, t)
Mating behavior is sufficiently described by the set of mating probabilities for each parent combination. We de-note the term to which the actual mating probability between In addition to specifying mating probabilities, we need to specify the number of offspring per breeding event, denoted by , and the distribution of offspring char-R(x, y) acters at birth. The offspring distribution is denoted by , which gives the probability that a newborn has f(x d y, z) trait x if its parents have traits y and z. Because f(xFy, z) is a conditional probability, it holds that f(xFy, z) dx p ∫ . The sex ratio is denoted by s, which gives the fraction 1 of female offspring, whereas gives the fraction of (1 Ϫ s) male offspring. With these notations, the number of xtrait females and males can be calculated by
Both equations consist of two summations. The first captures the fate of individuals alive at time t : whether they survive to time and, if they do, their trait value at t ϩ 1 that time. The second sum captures newborns. The number of newborns is calculated by multiplying the mating function, , with the number of y-trait females, the m(y, z) number of z-trait males, and the litter size of the mating pair, , before multiplying that with the probability R(y, z) that their offspring have trait x at birth, , and f(xFy, z) summing over all possible parent combinations (i.e., over y and z). In all functions that use both maternal and paternal phenotypes, the first phenotype belongs to the mother, and the second belongs to the father. For example, is the number of offspring of female y with male R(y, z) z. The same holds for functions and . m (y, z) f(xFy, z) The normalization constant in equations (2a) and
with denoting the minimal trait value for reproducy min tion. For example, could be a minimum body weight y min at which females reproduce. Equation (3) imposes a constraint, such that the overall number of birth events or parturitions is set to the overall number of females that are large enough to reproduce. Depending on the mating behavior of the species under study, can be modified C n , n f m in various ways: it is, for instance, straightforward to alter it such that the number of birth events is determined by the number of the rarer sex, as in monogamous species (see also birth or marriage functions in human demography; McFarland 1972; Caswell 2001) . Equation (3) also defines scaling properties of the model. With our choice of , the number of birth events and offspring scales C n , n f m with the number of females but not with the number of males. That means that doubling the female population causes a doubling of offspring. Scaling the male population by a factor, in contrast, has no effect on birth events and offspring numbers, except when there are no males at all. In that case, there are no offspring either, and the population will become extinct when the last female dies.
Modeling Mating
Our aim is to study the sensitivity of the population growth rate l to nonrandom mating. We focus on three types of nonrandom mating: assortative mating, disassortative mating, and selection for size. In a population whose members mate disassortatively with respect to a trait such as weight, there is a negative correlation between the weights of partners. That means that small individuals prefer large partners. In assortatively mating populations, the correlation coefficient is positive, meaning that individuals prefer partners of similar weight. When there is selection for size, the mating function increases either with y or m(y,z) with y and z together, depending on whether there is sexual selection in one or in both sexes. We focus on sexual selection in males only, because this is often reported for mammals and other vertebrates (Andersson 1994) .
We model the three types of nonrandom mating with three mating functions The parameter in equation (4) corresponds to the y max maximum possible trait value, and the parameter in y min equations (4)-(6) corresponds to the minimal trait value required for reproduction. We chose the exponential function in equations (4)- (6) adequately capture nonrandom mating (see, e.g., fig. 1 for ). For other values of r, the peaks of the mating r p 0.05 functions will be too steep to represent meaningful mating behavior. It is not clear how an empirically estimated correlation coefficient between traits of mating partners could translate into r; in our model, the value correr p 0.1 sponds to strongly disassortative mating in , to strongly approximately the same. A measure of that distance is the sum of absolute differences:
By ensuring that these differences are approximately the same, we make certain that the difference of change in l is not primarily caused by different magnitudes of change in , , and to . 
Sex Differences
To quantify the effect of nonrandom mating on the population growth rate, we have assumed so far that there are no sex differences in the species' demographic characteristics. That means we set both parents to have the same demographic parameters, to have the same growth or developmental rates, and to contribute equally to the phenotype of their offspring. However, the effect of nonrandom mating depends on sex differences, and so, in a next step, we systematically alter these assumptions. A summary of all parameters and functions used can be found in tables B1 and B2 in appendix B.
Lower Male Survival Rates. Males experience higher mortality rates than females in several mammalian species (Toïgo and Gaillard 2003; Clutton-Brock and Isvaran 2007) , usually when the mating system is polygynous or under harsh environmental conditions. In our model, we lower the survival probability of males in the survival function . Reduced male survival rates are tuned by a pap s rameter that ranges from (no reduced male survival 0 rates) to (slightly reduced male survival rates). The 0.5 survival function for males is replaced by :
s aϩbxϪ
1 ϩ e with a and b fitted to survival data of the species of interest. Combined with , the growth function, we have now a p g female kernel and a male kernel
We lower male survival rates without altering male growth rates, an aspect that differs from most natural populations where lower male survival rates usually correlate with higher male growth rates (Toïgo and Gaillard 2003) and where males grow for longer than females when the intensity of sexual selection increases (Jarman 1983) . However, we alter both rates independently, because we want to identify single causes that change the influence of nonrandom mating. A compound effect can be studied in our framework by jointly applying this and the following model variant (i.e., replacing and by and at the ˜p p p p s g s g same time; see below).
Higher Male Growth Rates. Males of species with sexual size dimorphism often attain their greater body size relative to females through higher growth rates. In our model, we increase male growth rates by introducing parameter g, which ranges from (no increased growth relative to g p 0 females) to (strongly increased male growth rates). g p 10 This parameter enters the prenormalized Gaussian growth function via . Again, we have depends on maternal body weight (Sadleir 1969) . We introduce a small amount of size dependence to the number of offspring a female produces with parameter ranging v from (no dependence on maternal condition) to v p 0 (the number of offspring increases with mav p 0.005 ternal weight):
The parameters r and fit the data and the offspring y min function replaces in equations (2).
Maternal and Paternal Effects. As the fourth and last sex difference, we introduce maternal effects on offspring size. Even though environmentally driven maternal effects play an important role, especially in mammals with strong mother-offspring bonds during the energy-consuming lactation period, we focus on maternal genetic effects as defined in Cheverud and Wolf (2009) , because our framework is deterministic. Parameter w models the degree by which one parent influences offspring phenotype more than the other. The probability that an offspring weighs x is Gaussian distributed, with the mean determined by the weighted average . The mean of the
is replaced by f (xFy, z) m (y, z) p , and parameters e and h are fitted e ϩ h[wy ϩ (1 Ϫ w)z] to the data. The parameter w ranges from (paternal w p 0 influence only) to (maternal influence only). The w p 1 new inheritance function models maternal effects when f w departs from 0.5 and replaces f in equations (2). If , then .
An Example: The Columbian Ground Squirrel. Having outlined our framework, we now showcase it using an IPM parametrized for a population of Columbian ground squirrels Urocitellus columbianus. We focus on this rodent because, first, their polygynandrous mating system is complex, allowing intraspecific variation in mating tactics and mate choice in both sexes. Second, females and males of this species have similar demographic characteristics. Therefore, we can realistically assume in our model that there are no sex differences before relaxing this assumption in various ways. The measurements of the Columbian ground squirrel have been taken from 1994 to 1998 from the Sheep River Provincial Park in the foothills of the Rocky Mountains (elevation, 1,500 m), in southwestern Alberta, Canada. We collected data on female spring emergence weight, female survival to the next year, the weight of female survivors the following spring, litter size at weaning (age, 27 days), and offspring weights at weaning for male and female offspring. All weights are taken within 1-2 days of the event (spring emergence or natal emergence) using a Pesola spring scale rounded to the nearest 5 g. Input functions for a one-sex IPM for the Columbian ground squirrel have been parametrized by T. Coulson and P. Neuhaus (unpublished data). We base our model on these functions (see app. A). 
Results for the Columbian Ground Squirrel
The two-sex IPM given in equations (2) with random mating and inheritance function (see "Inheritance" in f 2 app. A) gives a population growth rate of . l p 1.05 rm Values for l are calculated after iterating equations (2) until the population is stable, meaning that its composition remains constant.
Nonrandom Mating and Population Growth
Selection for size and disassortative mating increase l, whereas assortative mating decreases it. Although the independent effects of changing the mating pattern are rather small, we can show that, if the mating pattern and demographic parameters are linked, then the effects can be substantial. Figure 2 plots the absolute difference of l attained under the three types of nonrandom mating compared with random mating. Let denote the growth rate l rm under random mating, so figure 2 plots . The mean l Ϫ l rm population weight changes accordingly with l. That means that population mean body weight increases with the strength of disassortative mating and selection for size, whereas mean body weight decreases with the strength of assortative mating.
In other words, increasing the nonrandomness of mating changes l by a fixed percentage. In the case of disassortative mating, an increase of r by leads to a 0.01 increase of l; in the case of assortative mating, 0.0014% the decrease of l is ; and in the case of selection 0.0012% for size, the increase is . 0.0016%
Changes in Single Mating Probabilities
If we assume random mating, what would be the effect of an increase in the mating probability of a single mating pair? Figure 3 plots scaled by the distance from l Ϫ l rm random mating (i.e., the relative change in l):
when going from random mating to a situation where one parental phenotype combination is slightly more likely than others. Thus figure 3 plots the sensitivity of l to the mating probabilities. Figure 3 shows that, when the mating probability of small parents increases, the population growth decreases, whereas when the mating probability of bigger parents increases, then l also increases. This is because bigger parents produce bigger offspring, which then survive at a higher rate. In other words, changing the mating pattern alters offspring survival, which impacts l.
Another signature of changes in single mating probabilities is found in figure 3 in the region for very heavy males (i.e., male weight of 500-700 g). The population distribution for both sexes approaches zero, so the nonzero sensitivity of l in that region is surprising. It is due to the normalization , which means that increasm(x, y) dy p 1 ∫ ing the mating probability of female x and male y decreases the mating probabilities of that female with all other males. It also means that these probabilities are smaller than for any other mate combination with the exception of . (x, y) For males below 500 g, the abundances overlay this effect, but this fails when there are no males of that weight class left. Therefore, we have a positive sensitivity for males over 500 g and lightweight females (because mating probabilities of lightweight females are reduced in favor of heavier females), and we have a negative sensitivity for males over 500 g and heavy females (because mating probabilities of heavy females are reduced in favor of more lightweight females).
Nonrandom Mating and Sex Differences
The type of nonrandom mating has a greater influence on l when we relax the assumption of identical fertility and survival patterns in both sexes. In our initial model, both parents had the same demographic, growth, and inheritance rates. Breaking these symmetries, we find that nonrandom mating and sex differences can have a large impact on the population growth rate (figs. 4, 5).
Lower Male Survival Rates. Lowering male survival rates has a negative impact on population growth. This is surprising, because two-sex matrix models show the opposite result (if structured as in Usher 1972) . In addition, the number of birth events is not influenced by the number of males. The smaller the male survival rate is (i.e., the bigger parameter ), the smaller l ( fig. 4a ). In addition, the impact of nonrandom mating is amplified by parameter ( fig. 4b) . That means that the more male and female survival rates differ (i.e., the more asymmetric the system is regarding survival), the more the growth rate either decreases (assortative mating) or increases (disassortative mating and selection for size) as the mating pattern is altered.
Higher Male Growth Rates. Increasing male growth rates increases population growth rates ( fig. 4c ). As before, selection for size and disassortative mating increases population growth, and assortative mating decreases it ( fig.  4c ). The parameter g enhances the effect of selection for size and dampens to a smaller extent the effect of disassortative and assortative mating ( fig. 4d) . So, the more male and female growth rates differ (i.e., the more the system is asymmetric), the more selection for size increases l.
Sex-Specific Fertility Rates. Parameter gives the slope with v which the number of offspring depends on the mothers' body weight. The population growth rate increases with , because offspring numbers increase with ( fig. 5a ).
v v
Again, in the case of selection for size and for disassortative mating, increasing increases the population v growth rate ( fig. 5a ), whereas assortative mating again decreases it. The bigger is, the stronger the impact of v nonrandom mating for disassortative mating and assortative mating is, whereas the magnitude of the effect is constant in for selection for size ( fig. 5b) . v Maternal and Paternal Effects. We model maternal effects with parameter w in . The stronger the maternal effect f 2 (i.e., the bigger ), the bigger the effect of nonFw Ϫ 0.5F random mating on l (fig. 5c ). For assortative mating and selection for size, the growth rate l rises with the paternal influence on juvenile emergence weight, reaching the maximum when fathers alone pass on their phenotype ( fig.  5c ). In contrast, for disassortative mating, l decreases with paternal influence.
Discussion
To understand the evolution of nonrandom mating, researchers have theoretically investigated the conditions under which a specific mating pattern can invade a population with an alternative strategy (Dieckmann and Doebeli 1999; Proulx 2001; Proulx and Servedio 2009) . Empirical work has addressed the benefits and causes of observed nonrandom mating patterns (Brown 1993; Thompson et al. 1997) . Less is known about how nonrandom mating relates to the growth rate of a population (but see Doebeli and Koella 1994; Lindström and Kokko 1998) . To address the link between nonrandom mating and a summary statistic of population dynamics, we developed a framework that easily allowed us to change mating probabilities and to calculate the population growth rate. Our results show that selection for size and disassortative mating generally increase the growth rate, whereas assortative mating decreases it. The effect of the mating pattern alone is small (much less than 1% change in l), which in itself is a novel and surprising result. In addition, the effect can be important for long-lived species with low , and the effect can be substantial (up to 2%) r max when a change in mating pattern is linked to a change in demographic parameters. In deterministic, density-independent populations, sexual selection for size and disassortative mating would consequently typically invade populations of individuals exhibiting assortative mating preferences. This is somewhat paradoxical, because empirical studies more often report assortative mating in respect to size, rather than disassortative mating. However, in natural populations, assortative mating is primarily caused by availability (spatial or temporal) and mechanistic constraints (Crespi 1989; Brown 1993; Jennions and Petrie 1997) . These processes do not enter our model. when is raised from to (small markers) and when is l(r, ) p 0 p 0.3 raised from to (large markers) for three nonrandom mating scenarios (disassortative p circle marker; assortative p square; p 0 p 0.5 selection for size p diamond). Strength, r, of nonrandom mating varies along the abscissa. The bigger , the stronger the magnitude of the effect of nonrandom mating, but the direction of the effect is the same as in the standard model ( fig. 2 ) in which males have the same survival rates as females. c, Population growth rate for increases with g for random mating and nonrandom mating l(0.05, g) r p 0.05 alike. d, Difference in growth rate when g is raised from to (small markers) and when g is raised from to l(r, g) g p 0 g p 5 g p 0 for three types of mating scenarios (coding as in b). With selection for size, the magnitude of the effect is increased by asymmetric g p 10 growth rates, whereas with disassortative and assortative mating the effect is reversed. That means that for disassortative mating, however, it increases l, the magnitude of the increase reduces with g.
Any change in the growth rate of our model is directly due to nonrandom mating, because other parameters are kept constant while the mating function is altered. For example, as we set the number of births equal to the number of reproducing females, changing the mating behavior from random to nonrandom only changes the distribution of mating pairs. In this scenario, the number of offspring a female produces is constant across all mating pairs, and the way the mating system impacts the population growth rate is through the distribution of offspring sizes. For example, an increase in mean juvenile size increases juvenile survival and consequently increases the population growth rate.
The reason why disassortative mating generally increases mean juvenile emergence weight, whereas assortative mating decreases it, lies in the weight distribution of mating partners. The mating pair distribution is proportional to . Compared with random mating, mean m(x, y)n (x)n (y) , then the mother determines the offspring's trait. Under random mating, the growth rate as a function of w is symmetric w p 1 along (no maternal effects). The slope of the growth rate under selection for size and assortative mating is negative (i.e., with w p 0.5 maternal inheritance getting stronger, gets smaller). The opposite is true for disassortative mating. d, Difference in growth rate l(r, w) when w is increased from to (small markers, 60% maternal influence and 40% paternal influence) and when w l(r, w) w p 0.5 w p 0.6 is increased from to (large markers, complete maternal control over offsprings' juvenile emergence weight). The effect of w p 0.5 w p 1 nonrandom mating is larger the more w varies from . 0.5 when females choose large males but is fairly constant for disassortative and assortative mating. Under disassortative mating, heavier females are more likely to reproduce, under assortative mating females weighing less are more likely to reproduce, and under selection for size heavier males are, not unexpectedly, more likely to reproduce. These changes in the parental weight distribution translate into differences in the distribution of offspring sizes and ultimately into differences in the population growth rate.
Interestingly, perturbing the mating behavior on its own has, in all scenarios, produced a rather small effect on l, which is primarily caused by the quasisymmetric shape of the mating function in the case of assortative and disassortative mating (meaning the roles of females and males could be exchanged in the function without much effect; fig. 1a, 1b) . However, the effect can be as great as a 2% change in l when large males have a mating advantage (sexual selection for size), when males have a large influence on offspring phenotype (paternal effects, ), and w ≈ 0 when offspring size is tightly correlated to offspring sur-vival. Also, nonrandom mating together with sex differences can have a big effect on the population growth rate. The link between mating behavior and sex differences in the demography may have arisen in two ways. First, the mating behavior might be responsible for sex differences; second, demographic sex differences may have arisen for reasons other than the mating behavior. There is empirical evidence for the first connection, in which the mating system influences demographic parameters, for example by reducing the survival probabilities of males (dung beetle: Kotiaho and Simmons 2003) or females (Drosophila: Fowler and Partridge 1989; bed bugs: Morrow and Arnqvist 2003) . Whatever causes the link, our model applies to both cases.
The shape of our mating functions has been freely assumed and reflects general nonrandom mating scenarios, which are sufficient for our goal of monitoring the effect of nonrandom mating. For other purposes, a more accurate and species-specific mating function might be needed. This would have to be estimated from empirical counts of matings in which the traits of mating partners are observed.
If mating partners contribute differently to offspring abundance or distribution, or if they differ in demographic or developmental parameters, then nonrandom mating usually has a bigger influence on population growth compared with case in which demographic parameters are the same between the sexes. Any such disparity breaks the equality (or symmetry) of the male and female demographic functions. Given that nonrandom mating often cooccurs with demographic sex differences, the potential for nonrandom mating to influence population growth in empirical systems is large.
We studied the effect of nonrandom mating together with four symmetry breaks that are most frequently reported in mammals: reduced male survival (Toïgo and Gaillard 2003; Clutton-Brock and Isvaran 2007) , faster male growth (Jarman 1983) , litter sizes that are dependent on maternal weight (Albon et al. 1986) , and maternal or paternal effects (Byers and Waits 2006; Maestripieri and Mateo 2009) . Nonrandom mating substantially impacts the population growth rate when males and females have contrasting demographic characteristics compared with when they have the same characteristics. With the exception of growth asymmetries, all symmetry breaks that we investigated magnified the effects of nonrandom mating. This holds true in the presence of reduced male survival rates. Reduced male survival rates diminish population growth for all mating schemes, but disassortative mating and selection for size lessen the reduction of the growth rate.
Producing bigger offspring increases individual reproductive success as well as population growth rate because bigger offspring have higher survival rates. The reason why squirrels do not produce bigger offspring in general is probably because this would come at a cost to other demographic parameters. In the Columbian ground squirrel, there seems to be a trade-off between offspring size and quantity, with a trend toward relatively few but bigger juveniles per litter compared with related species. We have not included such trade-offs in our study; instead, we perturbed single parameters to pinpoint their influence. Studies that identify and incorporate trade-offs will shed additional light on population dynamics.
To conclude, we have shown that the independent effect of nonrandom mating is rather small; nevertheless, it can be important for species with low . Nonrandom mating r max can affect population growth rate by as much as 2% if it is connected to differences between the demographic parameters of females and males or parental contributions, although this link may have arisen due to a third factor. However, because a change in the mating pattern often implies changes in demographic parameters, this is potentially important for life-history evolution, speciation, and evolution in general. Empirical studies testing our predictions and theoretical work elucidating either the effect on offspring distribution or the effect of trade-offs will help to further clarify the link between nonrandom mating and population dynamics. . Both plots show color-coded x p 90 y p 309 probabilities (the bigger the probability, the darker the pixel) with contour lines of constant probabilities. a, Offspring weight is set to 90 g, whereas parents' weights vary along the abscissa and ordinate. The value gives the probability that an offspring of parents f (90Fy, z) 2 weighing y and z attains a weight of 90 g at juvenile emergence. b, The first parent weighs 309 g, whereas the weight of the second parent varies along the abscissa. The value of gives the f (xF309, z) 2 probability that an offspring has juvenile emergence weight x when one of its parents weighs g and the other parent weighs z. 
